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Abstract--Recent evktence indicates that under in vitro conditions, superoxide anion 
and hydrogen peroxide (H202) are unstable in the presence of manganese ion (Mn2+). 
The current studies saow that in the presence of Mn 2+, H202-mediated injury of 
endothelial cells is greatly attenuated. A source of bicarbonate ion and amino acid 
is required for Mn 2+ 10 exert its protective effects. Injury by phorbol ester-activated 
neutrophils is also attenuated under the same conditions. EDTA reverses the protec- 
tive effects. Acute lung injury produced in vivo in rats by intratracheal instillation 
of glucose-glucose o~:idase is almost completely blocked in rats treated with Mn -'+ 
and glycine. Conversely, treatment of rats with EDTA, a chelator of Mn 2+, mark- 
edly accentuates lung injury caused by glucose-glucose oxidase. These data are con- 
sistent with the findings of others that Mn 2+ can facilitate direct oxidation of amino 
acids with concomitartt H202 disproportionation. This could form the basis of a new 
therapeutic approach against oxygen radical-mediated tissue injury. 

INTRODUCTION 

Manganese ion (Mn 2§ can participate in a number of reactions that limit the 
extent of oxygen radical generation. For example, in the presence of pyrophos- 
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phate or polyphosphate, inorganic Mn 2+ catalyzes superoxide anion dismuta- 
tion (1). Additionally, mitochondrial superoxide dismutase (SOD) is a Mn 2+- 
containing enzyme (2). Under physiological conditions, Mn 2+ can cause the 
direct "disproportionation" of hydrogen peroxide (H202) to molecular oxygen 
in a reaction involving bicarbonate ion and a carbonate radical (3). In addition, 
Mn 2+ can cause bicarbonate ion-dependent amino acid oxidation in the pres- 
ence of H202 with concomitant H202 disproportionation (4, 5). It has been 
suggested that these reactions may provide protection against injury mediated 
by toxic oxygen metabolites. To address whether or not Mn 2 + may function in 
a protective manner, we have used endothelial cell culture and experimental 
animal models of lung injury mediated by toxic oxygen products in order to 
assess protective effects of Mn 2+ and to delineate the conditions under which 
protection can be achieved. We show here that Mn 2+ can protect endothelial 
cells in culture and whole animals from H202-mediated injury. Protection 
requires the concomitant presence of bicarbonate ion and a source of amino 
acids. 

MATERIALS AND METHODS 

Endothelial Cells. Rat pulmonary artery endothelial cells were obtained as described pre- 
viously (6, 7). The isolated ceils grew with a "cobblestone" morphology evident at both the light 
and electron microscopic levels, contained high levels of angiotensin-converting enzyme, and reacted 
strongly with antibodies to favor VIII. 

Neutrophils. Human peripheral blood leukocytes were obtained from heparinized (10 units/ 
ml) venous blood provided by healthy adult volunteers. Neutrophils were separated by dextran 
sedimentation and density-gradient centrifugation using FicolI-Hypaque medium (Pharmacia Fine 
Chemicals; Piscataway, New Jersey). The cells obtained were approximately 98% polymorpho- 
nuclear granulocytes. Neutrophils were suspended in HBSS. 

Reagents. Manganous chloride, manganous acetate, and manganous sulfate were obtained 
from Drake Brothers (Menomonee Falls, Wisconsin). Glycine, EDTA, H202, glucose and glucose 
oxidase were obtained from Sigma Chemical Co. (St. Louis, Missouri). HBSS was obtained from 
Gibco (Grand Island, New York). 

Cytotoxicity Assay. Cytotoxicity was measured using the release of 5~Cr from prelabeled 
cells as an indicator of injury. This assay has been used extensively by us to measure injury mediated 
by activated neutrophils or H202 and has been described in detail (7, 8). In addition to measuring 
5JCr release, we also used the inability of endothelial cells to replate after exposure to H202 as a 
measure of cytotoxicity. Cells were exposed to H202 (alone or in the presence of Mn 2+, amino 
acids, etc.) and then harvested from the wells with trypsin and replated in culture medium. Eighteen 
hours later, the percentage of cells that had reattached was determined. The plating efficiency of 
the untreated endothelial cells ranged from 85 % to 90%. This assay has been described previously 
(9). 

Lung Injury. Long-Evans rats were anesthetized with ketamine and infused intratracheally 
with a combination of glucose and glucose oxidase, mixed in the reaction tube immediately before 
instillation. Rats were simultaneously given [~251]BSA intravenously and the degree of injury meas- 
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ured 4 h later as a lung/blood pe~aneability ratio (10). For histological studies, lungs were infused 
with 10% buffered formalin, sectioned, stained with hematoxylin and eosin, and examined by light 
microscopy. 

RESULTS 

In the first series of experiments, we examined the killing of rat pulmonary 
artery endothelial cells by H202 in the presence of Mn 2+. As shown in Figure 
1, the addition of Mn z+ (chloride salt) to the culture medium [Eagle's minimal 
essential medium containing Earle's balanced salt solution and 200/~g of bovine 
serum albumin per milliliter (MEM)] inhibited killing by 200/xM H202 in a 
concentration-dependent manner. Protection occurred at Mn 2+ concentrations 
as low as 10/xM; a 50% inhibition of killing was achieved with the ability of 
the endothelial cells to atlach and spread or to proliferate (Table 1). Although 
we routinely used a 5~Cr-release assay to assess toxicity, we confirmed in a 
replating assay (9) that the ability of H202 to induce 51Cr release was associated 
with inhibition of plating. Likewise, we confirmed that the ability of Mn 2+ to 
prevent 51Cr release was associated with protection in the replating assay. In 
additional experiments, it was found that the chloride, acetate, or sulfate salts 
of Mn 2+ were equally pr, gtective (not shown). The ability of Mn 2+ to protect 
endothelial cells against H202-mediated injury was overcome in the presence 
of ethylenediamine tetraazetic acid (EDTA). When added at concentrations of 
0.5-2.5 raM, EDTA produced no toxicity by itself and did not inhibit H202- 
mediated killing. However, these concentrations of EDTA completely reversed 
the protective effects of Mn 2+ (Figure 1). Thus, chelation of Mn 2+ effectively 
prevents its participation in the reactions that are responsible for endothelial cell 
protection. 

Additional experiments demonstrated that Mn 2+ would protect endothelial 
cells maintained in Medium 199 as well as in MEM but would not protect in 
either Eade 's  balanced salt solution (EBSS) or Hanks' balanced salt solution 
(HBSS). The failure of Mn 2+ to provide protection in EBSS was overcome 
when the amino acid mixture of  MEM was added to the EBSS. In contrast, 
addition of the MEM vitamin mixture to EBSS had no effect (Table 2). Table 
2 also shows that in the presence of a sufficient amount of Mn 2+ (0.5 mM), the 
addition of a single amiuo acid (glycine) provided the necessary cofactor for 
protection and that 0.1 ~aM final concentration was sufficient. A requirement 
for bicarbonate ion was also suggested from these studies. Substitution of 
HEPES buffer (40 mM) for the bicarbonate buffer in HBSS resulted in failure 
to obtain significant protection in the presence of 100/zM Mn2+/1000 ~g gly- 
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Fig. l .  (A) Inhibition of H2Oz-mediated killing of endothelial cells by Mn 2+. 5tCr-labeled rat 
pulmonary artery endothelial cells were exposed to 200/zM H20_, in the presence of varying con- 
centrations of Mn 2+ (manganese chloride) in MEM (pH 7.2-7.4).  This buffer contains a full com- 
plement of  amino acids. 5ZCr release was assessed after 4 h of  incubation. Values shown represent 
averages + standard deviations based on triplicate samples in a single experiment. The experiment 
was repeated several times with similar results. (B) EDTA inhibition of the protective effects of  
Mn 2+. 5~Cr-labeled endothelial cells were exposed to 200 #M H202 in the presence of 0.5 mM 
Mn 2+ and varying concentrations of  EDTA in MEM (pH 7.2-7.4).  5~Cr release was assessed after 
4 h of  incubation. Values shown represent averages + standard deviations based on triplicate sam- 
ples in a single experiment. The experiment was repeated three times with similar results. 
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Table 1. Proliferation of Rat Pulmonary Artery Endothelial Cells in the Presence of M n  2§ 

Treatment Number of cells/well (x  10 5) 

None 2.4 • 0.1 
1 • 10 -6 M iVln 2+ 2.2 • 0.2 
5 x 10-6M VIn 2+ 2.5 _+ 0.1 
1 x 10 -s M Mn 2+ 2.6 _+ 0.3 
5 x 10 -5 M Mn 2+ 2.5 • 0.1 
1 • 10 -4 M Mn 2+ 2.6 _ 0.2 
5 • 10 4 M M n  2+ 2.3 _+0.1 
1 • 10 -3 M Mn 2+ 2.3 • 0.1 

"Cells were seeded at 1.0 x 105 cells/well into wells of a 24-well dish on day 0 in growth medium 
(MEM, supplemented with 107o fetal bovine serum). MnCI2 was added at this time. One day 
later, cells were harvested and counted. Values shown represent means + standard deviations 
based on triplicate samples per data point in a single experiment. The experiment was repeated 
three times with similar results. 

cine/ml (5 + 2% protection vs. 75 • 5% protection in the presence of bicar- 
bonate buffer). 

Protection by Mn 2§ was not limited to injury by reagent H202. In previous 
studies, endothelial cell injury by phorbol ester-activated neutrophils has been 
shown to be dependent on neutrophil-generated H202 (6-8). The same concen- 
trations of Mn 2§ that protected endothelial cells against H202 also provided 
significant protection against injury by activated human neutrophils (18 + 2 % 
protection at 100/~M Mn :'+ and 69 __+ 4% protection at 1000/xM Mn2+). 

A major question concerns the relevance of these in vitro findings to pro- 
tection against oxygen radical-mediated injury in vivo. To address this ques- 
tion, lung injury was induzed in Long-Evans rats by the intratracheal instillation 
of glucose-glucose oxidase as described previously (10). Control animals 
(receiving glucose-gluco,~,e oxidase alone) were compared to animals receiving 
the same reagents and either Mn 2§ alone, glycine alone, or Mn 2+ and glycine. 
For these experiments, rats were pretreated by intraperitoneal injection of 50 
mg of manganese acetate and/or 50 mg of glycine 2 h prior to intratracheal 
instillation of the glucose-glucose oxidase. Preliminary studies had indicated 
that these concentrations of Mn 2+ and glycine by themselves produced no 
detectable lung injury or other signs of toxicity in rats not exposed to glucose- 
glucose oxidase. Table 3 (experiment A) compares permeability changes in the 
lungs of rats receiving glucose-glucose oxidase alone and those receiving glu- 
cose-glucose oxidase along with Mn z +, glycine, or the combination of the two. 
It can be seen that either Mn 2 § alone or glycine alone provided limited protec- 
tion injury, whereas the two reagents together completely suppressed injury. 
Figure 2 demonstrates that the reduction in permeability seen in the Mn z+ and 
glycine-treated animals (Table 3) is accompanied by attenuation of the histo- 
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Table 2. Requirements for Mn z+ Protection of Endothelial Cells from H202-Mediated Killing ~ 

Specific 
Treatment SICr release (%) 

Experiment I 
MEM alone 
MEM + HzO2 (200/zM) 
MEM + H202 + Mn 2+ (0.2 mM) 
M199 alone 
M199 + H202 (200/zM) 
M199 + HzO 2 + Mn 2+ (0.2 mM) 

Experiment 2 
EBSS alone 
EBSS + H202 (200 #M) 
EBSS + H~O2 + Mn 2+ (0.5 mM) 
EBSS + AA + H202 4- Mn z+ 
EBSS + vitamins + H2Oz + Mn 2+ 

Experiment 3 
HBSS alone 
HBSS + H2Oz (200 #M) 
HBSS + H202 + Mn 2+ (0.5 mM) 
HBSS + H202 + 0.1 mM glycine 
HBSS + H202 + Mn 2+ + 0.1 mM glycine 
HBSS + H20~ + i mM glycine 
HBSS + H202 + Mn 2+ + 1 mM glycine 

9_+1 
50_+5 
13_+2 
9_+2 

50_+ 1 
16_+3 

8 -+ 
42 + 
45 _+ 

8_+ 
48 _+ 

2_+1 
63 _+5 
63_+1 
66_+ 1 
58_+8 
65 -+2 
3 5 + 1  

"5~Cr-labeled endothelial cells were treated with the desired reagents and exposed to 200/xM H202. 
5~Cr release was assessed in the normal manner. Values shown represent averages + differences 
between averages and individual values based on duplicate samples in a single experiment. Ex- 
periments 1 and 2 were repeated three times with similar results. Experiment 3 was repeated four 
times with similar results. EBSS = Earle's balanced salt solution, M199 = Medium 199 with 
EBSS, MEM = minimal essential medium of Eagle with EBSS, AA = MEM amino acids mixture 
(used at I x concentration), vitamins = MEM vitamin mixture (1 x), and HBSS = Hanks' bal- 
anced salt solution. All solutions were buffered to pH 7.2-7.4 and both M199 and MEM contain 
full complements of amino acids. 

log ica l  f ea tu res  o f  g l u c o s e - g l u c o s e  o x i d a s e  in jury .  In add i t iona l  e x p e r i m e n t s ,  

h i g h e r  c o n c e n t r a t i o n s  o f  g l yc i ne  were  u sed  in the  a b s e n c e  o f  M n  2+. E v e n  at 

c o n c e n t r a t i o n s  as h i g h  as 100 m g  o f  g lyc ine  p e r  rat ,  p ro t ec t i on  d id  not  exceed  

5 0 %  w h e n  M n  2+ was  o m i t t e d  f r o m  the  t r e a t m e n t  r e g i m e n .  W e  a lso  t r ied  u s ing  

h i g h e r  M n  2 + c o n c e n t r a t i o n s ,  b u t  tox ic i ty  l imi ted  this .  F ina l ly ,  s tud ies  we re  car-  

f l ed  out  in  w h i c h  rats  we re  t r ea ted  w i th  a c o n c e n t r a t i o n  o f  g l u c o s e - g l u c o s e  

ox idase  c h o s e n  to p r o d u c e  h a l f - m a x i m a l  in jury.  Ra ts  were  c o n c o m i t a n t l y  t rea ted  

w i th  in t r a t r achea l  E D T A  (1 mg / r a t ) .  P r e l i m i n a r y  e x p e r i m e n t s  s h o w e d  that  th is  

dose  o f  E D T A  by  i t se l f  p r o d u c e d  no  de t ec t ab l e  l ung  in jury  or  o t h e r  s igns  o f  

tox ic i ty .  As  s h o w n  in T a b l e  3 ( e x p e r i m e n t  B),  th is  a m o u n t  o f  E D T A  signif i -  

can t ly  e n h a n c e d  l u n g  in ju ry  i n d u c e d  by  g l u c o s e - g l u c o s e  ox idase .  T h u s ,  t reat-  
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Table 3. Modulation of Glucose-Glucose Oxidase-Mediated Lung Injury 
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Treatment Permeability index 

Experiment A ~ 
Buffer alone (salineb IJ.30 + 0.09 
Glucose-glucose o~idase 1.16 + 0.20 
Glucose-glucose o~ idase + glycine 0.88 _+ 0.15 
Glucose-glucose o~idase + Mn 2+ 0.90 + 0.19 
Glucose-glucose oxidase + glycine + Mn 2+ 0.29 + 0.03 

Experiment B t' 
Buffer alone (saline) 0.35 _+ 0.06 
EDTA 0.36 + 0.15 
Glucose-glucose oxidase 0.68 _+ 0.31 
Glucose-glucose oxidase + EDTA 2.56 _% 0.81 

~Lung injury was induced in tully anesthetized Long-Evans rats by intratracheal instillation of 
glucose oxidase (100 units) ard 2 mg of glucose mixed in the reaction tube immediately before 
instillation. Some animals were given 50 mg of manganese acetate, 50 mg of glycine, or 50 mg 
of manganese acetate and glycine by intraperitoneal injection 2 h prior to instillation of glucose- 
glucose oxidase. Lung injury was assessed using changes in the permeability index 4 h later as a 
measure of injury. Values shown represent averages + standard deviations based on groups of 
rats with seven to eight rats p~:r group. 

hSubmaximal lung injury was nduced in fully anesthetized Long-Evans rats by intratracheal in- 
stillation of glucose oxidase (75 units) and 2 mg of glucose mixed in the reaction tube immediately 
before instillation. Some animals were given 1 mg of EDTA alone by intratracheal instillationi or 
1 mg of EDTA added along with the glucose-glucose oxidase. Lung injury was assessed using 
changes in the permeability index 4 h later as a measure of injury. Values shown represent aver- 
ages _ standard deviations based on groups of rats with eight to nine rats per group. 

ment  wi th  a M n  2+ che la tor  potent iates  ox idan t -media ted  lung injury.  It should 

be  noted that  E D T A  could  have  a number  o f  effects ( independent  o f  Mn  2+ 

chelat ion)  that potent ia te  lung injury.  I f  a s ignif icant  amount  o f  Ca  2+ and M g  2+ 

were  r e m o v e d ,  for  example ,  c e l l - ce l l  junc tures  wou ld  be weakened  and a l low 

for  increased  permeabili l :y fo l lowing  exposure  to H 2 0  2. Addi t iona l ly ,  E D T A  

can chela te  iron,  resul t ing in enhanced  hydroxyl  radical  product ion  f rom H202 

in the Fenton  react ion (11). Our  data cannot  rule out  these possibi l i t ies .  

D I S C U S S I O N  

Taken  together ,  the.~e data  demons t ra te  that M n  2+ can br ing about  potent  

suppress ion o f  endothe l ia l  cel l  injury resul t ing f rom exposure  to H202 in vi t ro  

and can also suppress  H ,O2- induced  lung injury in v ivo .  Since  we are able to 

suppress  loca l ized  t issue injury (in the lung) by sys temic  t rea tment  with M n  2+ 

and g lyc ine ,  these data p rov ide  the basis for  a possible  new approach to inter- 
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Fig. 2. Lungs from animals exposed to 100 units of glucose oxidase and 2 mg of glucose (frame 
a) and lungs from animals pretreated for 2 h by intraperitoneal injection of 50 mg of manganese 
acetate and 50 mg of glycine and then exposed to the same amounts of glucose and glucose oxidase 
(frame b). There is intraalveolar hemorrhage and extensive fibrin deposition in the lungs of unpro- 
tected animals. In the protected animals, aside from vascular congestion, the alveolar spaces are 
clear of red cells and fibrin. (hematoxylin and eosin, • 230). 

fering with tissue injury mediated by toxic oxygen metabolites.  In past  studies, 
exogenous enzymes such as superoxide dismutase or  catalase (12-14),  agents 
that act as oxygen radical scavengers,  or  ferrous iron chelators (6-8)  have been 
employed.  Effectiveness o f  the enzymes,  toxicity o f  the iron chelators, and 
difficulty in achieving adequate blood levels with scavengers have limited the 
application of  these agents. Addit ional  experiments with other in vivo models 
o f  acute inflammation will be necessary to determine how effective (and under 
what conditions) treatment with combinations of  Mn 2+ and amino acids might 
be. Addit ional  studies also will be necessary to determine the minimum con- 
centrations of  Mn 2 + required for protection and to determine if  these concen- 
trations can be tolerated. Consistent with the data presented here, other 
investigators have shown that high concentrations of  Mn 2 + are not cytotoxic 
for cells in culture (15, 16). Interestingly,  Mn 2§ can potentiate injury due to 
irradiation (16) or  to high concentrations of  dopamine (15). In both situations, 
enhanced injury is thought to reflect a role for Mn 2§ in free radical generation. 
The situation is different here, where a free radical-generating system is already 
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in place and Mn 2+ functions (in conjunction with amino acids and bicarbonate 
ion) to "shunt"  the free radical away from critical substrates. Furthermore, 
consistent with our findings, others have shown that high concentrations of Mn 2 + 
can be tolerated by experi~nental animals, even during long-term exposure (17- 
19). However, systemic treatments have been shown to result in reproductive 
failure (19) and to decrease the concentration of free amino acids in the liver 
(18) and brain (17). Whether these toxic effects would prevent use of Mn 2+ in 
cases of acute lung injury is not known at present and more work will need to 
be done. It should be noled in this regard, however, that factors such as pH, 
bicarbonate ion concentration, and amino acid availability are all critical deter- 
minants in the reactions involving Mn 2+ (4). Thus, under the appropriate con- 
ditions, much lower concentrations of Mn 2+ than used here maybe beneficial. 

With regard to protection of endothelial cells, in vitro, the effectiveness of 
Mn 2+ depends on a source of amino acids and the presence of bicarbonate ion 
in the buffer. Thus, thes~ data are consistent with the suggestion that of the 
several reactions that Mr  2+ can participate in (1-5), it is the direct oxidation 
of amino acids with concomitant disproportionation of H202 as defined by 
Stadtman and coworkers (3-5) that is responsible for protection. According to 
their mechanism, Mn 2+ f3rms a coordinate complex with both the carboxyl and 
amino moieties of the am ino acid along with bicarbonate ion and H202, result- 
ing in the liberation of a proton. The Mn 2+ is then oxidized by H202 to form 
Mn 3+, OH �9 and O H - ,  which in concert with the proton accounts for the net 
release of  water. Because the OH �9 is formed in close proximity to the amino 
acid moiety of the complex, it abstracts a hydrogen atom from the amino acid 
to form a carbon-centered amino acid radical. This radical promptly reduces 
the Mn 3+ to regenerate 1:he Mn 2+ and form the imino acid derivative, which 
spontaneously hydrolyze~; to form an alpha-keto acid and NH 3 (4). Whether the 
same reactions are responsible for removal to H202 generated in vivo and for 
protection of animals against injury by glucose-glucose oxidase is not known 
for certain. However, the fact that either glycine or Mn 2+ alone provides partial 
protection, while the two combined provide almost complete protection, is at 
least consistent with the mechanism deduced from in vitro studies. Additional 
studies will be needed to fully characterized the events occurring in vivo fol- 
lowing treatment with Mn 2+ and/or glycine. 

Mn 2+ may be involved in normal antioxidant barrier function. While the 
concentrations of Mn 2 +, bicarbonate ion, and amino acids in plasma are prob- 
ably too low to effect much protection, local variations in tissue concentrations 
might facilitate elimination of H202 from tissue sites under normal conditions. 
The fact that intratracheal instillation of EDTA along with glucose-glucose oxi- 
dase significantly enhanced the toxicity of  this combination of reagents supports 
the possibility of a role for Mn 2+ in the normal antioxidant barrier. 
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